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An efﬁcient delivery system is critical for the success of cell therapy. To deliver cells to a dynamic organ, the
biomaterial vehicle should mechanically match with the non-linearly elastic host tissue. In this study, non-
linearly elastic biomaterials have been fabricated from a chemically crosslinked elastomeric poly(glycerol
sebacate) (PGS) and thermoplastic poly(L-lactic acid) (PLLA) using the core/shell electrospinning technique.
The spun ﬁbrous materials containing a PGS core and PLLA shell demonstrate J-shaped stressestrain curves,
having ultimate tensile strength (UTS), rupture elongation and stiffness constants of 1  0.2 MPa, 25  3%
and 12  2, respectively, which are comparable to skin tissue properties reported previously. Our ex vivo
and in vivo trials have shown that the elastomeric mesh supports and fosters the growth of enteric neural
crest (ENC) progenitor cells, and that the cell-seeded elastomeric ﬁbrous sheet physically remains in
intimate contact with guts after grafting, providing the effective delivery of the progenitor cells to an
embryonic and post-natal gut environment.
Crown Copyright  2013 Published by Elsevier Ltd. Open access under CC BY license.1. Introduction
The non-linear elastic stretchability is a major mechanical
property of biological tissues that thermoplastic (linear or branched)
polymers, such as polylactic acid and polyglycolic acid, cannot
provide, since they undergo plastic deformation when exposed to
cyclic-strain testing. One of the major challenges in developing
biomaterials used for tissue engineering is the replication of the
non-linear elasticity [1]. To date, the clinical applications of syn-
thetic polymers in the repair of soft tissues are in general disap-
pointing [2]. The mechanical dissimilarities between synthetic
biomaterials and the biological tissue for repair are believed to be
the major cause of graft failure in experimental animal studies and
preclinical trials [3]. Over the past decade, a number of soft elasto-
mers have been developed as transplantable biomaterials for tissue
engineering [1]. Among these elastomers, poly(polyol sebacate)
(PPS) is a relatively new family of crosslinked biodegradableEngineering, Monash Univer-
.
ork.
evier Ltd. Open access under CC BY licenseelastomers that have been developed for applications in soft tissue
engineering [4e6].
The majority of in vivo data demonstrate that PPS has a good
compatibility [4e9]. However, these studies also revealed two critical
drawbacks of using the solid PPS patches. First, the grafted poly(-
glycerol sebacate) (PGS), a member of PPS, patches were completely
absorbed in 1e2months. This time frame is too rapid for the recovery
of many diseased soft tissues, which takes several months to recover
[8]. Second and more signiﬁcantly, physical damage was observed in
the local tissue due to the friction between the host myocardial tissue
andgrafted syntheticpolymers [8]. The frictionwasattributable to the
mechanical mismatch between the grafted material and the muscle
[8]. The stressestrain curves of synthetic elastomers are linear at low
strains,where15% is themaximal strainof living tissues, butbiological
tissues all exhibit non-linear J-shaped stressestrain curves in this
range [1]. Themain reason for thesedifferent elastic behaviours is that
synthetic polymers are composed entirely of randomly tangled mo-
lecular chains, while proteins are made of aligned nanoﬁbres. Hence,
the production of a partially aligned nanoﬁbrous structure within a
synthetic polymer would be an approach to achieve the nonlinear
elasticity in soft tissues.
The production of nanoﬁbres from chemically crosslinked
elastomers is technically challenging. Major hurdles include that
these polymers are not readily dissolved in solvents used for.
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slinked pre-polymers melt when they undergo crosslink treatment.
However, the recent development of a core/shell electrospinning
technique could offer an opportunity to address these problems
[10,11]. Core/shell electrospun ﬁbres are formed when a non-
crosslinked pre-polymer is ensheathed by a thermoplastic, with
both materials being fed simultaneously. During the crosslinking
process, the solid thermoplastic shell maintains a tubular shape,
while the pre-polymer inside the tubes melts and undergoes a
crosslink reaction. In a previous study that brieﬂy demonstrated
this technique [10], the thermoplastic shell was removed from the
ﬁnal product. However, we envisage that the addition of a ther-
moplastic shell would be beneﬁcial in improving cytocompatibility,
controlling the mechanical properties, as well as degradation rate
of the ﬁnal product when used as a cell-delivery vehicle. Moreover,
mechanical properties of coreeshell spun elastomeric ﬁbrous
meshes have yet to be investigated.
One of potential applications is to use the ﬁbrous thin sheet to
both grow and deliver cells to a targeted site of organs in order that
the appropriate cell milieu is restored. The enteric nervous system
(ENS) controls the involuntary peristaltic movement of the bowel.
Absence of the ENS manifests itself clinically in Hirschsprung
disease in which peristalsis fails to occur in the distal bowel.
Re-introduction of enteric neural crest (ENC) stem/progenitor cells
and re-establishment of an ENS may provide a treatment for this
disease, and indeed other neurocristopathies [12]. Animal studies
have demonstrated that the gut ﬁrst shows myogenic smooth
muscle contraction patterns [13], and these become neurally
modulated as the ENS develops [14]. In the application scenario
illustrated in Fig. 1, the ﬁbrous PGS/PLLA sheet will deliver ENC
stem/progenitor cells and achieve uniform coverage of neural cells
to the intestine wall. In this scenario the non-linear elasticity of the
sheet ensures an intimate contact between it and the colon even
during contraction of the intestine without causing physical dam-
age, and thus providing safe and efﬁcient cell delivery. An added
beneﬁt of non-linear elasticity is its inﬂuence on cell migration,
because increasing studies have shown that physical properties of
substrates such as stiffness, crosslinking and pore size affect 3D
migration of cells [15]. Cells, which are nonlinear elastic as a whole,
can detect the type of elasticity of the matrix, i.e. whether it has
linear or nonlinear elasticity, and switch their migration mode
accordingly [15]. It has also been reported that cells are responsive
to the nonlinear properties of their substrates [16].
Therefore, the objectives of this work were to establish reliable
and reproducible fabrication procedures of PGS/PLLA ﬁbrous ma-
terials using the core/shell electrospinning technique, investigate
the nonlinear elasticity of these ﬁbrous sheets in comparison
with biological tissues, and to evaluate their performance as a
cell-delivery system.
2. Experimental procedures
2.1. Materials
Glycerol, sebacic acid, lactic acid (LA) and poly (L-lactic acid) (PLLA) were pur-
chased from Sigmae-Aldrich (Castle Hill, NSW, AU). Chloroform,+
Colon wrap
Fig. 1. Schematic diagram of a biomaterial wrap system for delivering of stem cells to
the large colon. The cell-seeded surface is placed directly in contact with the colon.dimethylformamide (DMF) and tetrahydrofuran (THF) were purchased from Merck
(Kilsyth, VIC, AU). PLLA was chosen as the shell material because it has a melting
point of approximately 178 C, which is well above the typical crosslinking tem-
peratures of PGS that range from 120 to 150 C [17e19].
2.2. Determination of PGS and PLLA solution miscibility
In the core/shell electrospinning process, the core and shell solutions are spun
together and remain in intimate contact, where the core is PGS and the shell is PLLA
in this present work. An essential requirement for a successful coreeshell spinning
process would be that these two solutions are not very miscible when they are in
contact, such that the shell structure can be maintained during the spinning pro-
cesses and subsequent heat treatment. PLLA has been spun in a mixture of chloro-
form and DMF at volume ratios of 3:1 and 4:1 [20], and THF has been used as a
solvent for PGS pre-polymers in our laboratory. Hence, PGS-THF solution was
selected for core-side spinning and a PLLA-chloroform/DMF solution was selected
for shell-side spinning.
Melted PGS pre-polymer was dissolved into THF at a concentration of 50% v/v,
and PLLA into a 3:1 chloroform/DMFmixture at 20% w/v. The PLLA solutionwas then
added into the PGS pre-polymer solution at four different PLLA/(PLLAþ PGS) weight
percentages of 2, 5, 10 and 30 wt%. The miscibility was then determined by visually
examining the precipitation of PLLA upon mixing. Conversely, the PGS pre-polymer
solution was added to the PLLA solution at four different PGS/(PLLA þ PGS) weight
percentages of 2, 5, 10 and 30 wt%. The miscibility was then determined by visually
examining the development of a separate PGS solution layer on top of the PLLA
solution.
2.3. Synthesis of PGS-co-LA polymers and PGS-PLLA blends
During the crosslinking treatment of core/shell spun ﬁbres, it is possible for
physical mixing (in the form of polymer blending) and chemical reaction (in the
form of copolymerisation) to occur between the PGS pre-polymer and PLLA at the
interface where the two solutions meet. It is therefore important to investigate the
effect of polymer blending and copolymerisation on the elastic properties of the
newly synthesised material, so a series of PGS-co-LA polymers were synthesised for
investigation. Glycerol and sebacic acid were thoroughly mixed in glass beakers at a
glycerol:sebacate (G:S) molar ratio of either 1:1 or 2:3. These mixtures were then
heat treated at 130 C under a nitrogenous atmosphere for 24 h, as described pre-
viously [40], and a PGS pre-polymer was formed after cooling with nitrogen. PGS
pre-polymers were then thoroughly mixed in lactic acid (L) at a G:S:L molar ratio of
1:1:(0.25, 0.5 or 1) or 2:3:(0.25, 0.5 or 1). These mixtures were then dissolved in THF,
cast onto glass slides, dried under ambient conditions overnight, and then overnight
a second time under a vacuum. The dried slides were then heated at 130 C under a
vacuum for three days to stimulate copolymerisation, followed by room tempera-
ture cooling under a vacuum. The polymer sheets formed in this way were then
ﬁnally peeled off after soaking in water, and thoroughly dried under a vacuum at
room temperature for four days.
To synthesise the PGS-PLLA blends, the melted PGS pre-polymer (50% v/v in
THF), and PLLA (20% w/v, in 3:1 chloroform/DMF) were again prepared as above,
then mixed at four different PLLA/(PLLA þ PGS) weight percentages of 2, 5, 10 and
30 wt%. The clear PGS-PLLA solutions were then cast onto glass slides and dried
under the same conditions as for the PGS. Polymer blend peeled layers were then
mechanically tested.
2.4. Core/shell electrospinning
AY Flow 2.2D-350 electrospinner was set up with a two-ﬂuid coaxial spinneret,
inner tube diameter of 1.2 mm, and outer diameter 1.7mm, at a voltage ranging from
9 to 15 kV applied at the tip of the spinneret. The feed ﬂow rates to the core and the
shell ranged from 0.1 to 1 ml/h, with core and shell solutions being PGS pre-polymer
(in THF 50% v/v) and PLLA dissolved into a 3:1 or 4:1 chloroform/DMF mixture at a
concentration of 20% w/v. Both the 3:1 and 4:1 chloroform/DMF mixtures dissolved
PLLA very well, with no considerable differences in the electrospinning process or
the products. The ratio of 3:1 was used in this work. The spun ﬁbres were collected
on a static plate, forming partially aligned sheets. The spun ﬁbre mats were then
heated at 130 C for three days to stimulate the cross-linking of PGS.
2.5. Tensile testing
Tensile test samples were punched out using a standard dog-bone shaped
mould, with a gauge length of 12.5 mm and a width of 3.25 mm. The thickness of
each sample was measured using a pair of callipers. Cyclic and tensile testing were
conducted for each specimen at room temperature using an Instron 5860 me-
chanical tester that was equipped with a 100 N load cell. The crosshead speed was
25 mm/min for cyclic tests and 10 mm/min for tensile tests [21,22]. The cyclic test
specimens were stretched to a maximum strain of 15%, typical of the dynamic
loading strain of soft tissues, such as cardiac muscle, under normal physiological
conditions [23], with strains of less than 15% being relevant for most clinical
applications.
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be readily described by the equation of rubber elasticity [24]. At low strain values,
this equation can be linearised with an error of 8.8% when ε ¼ 10%. For a material
that obeys Hooke’s law (i.e. the stressestrain relationship is linear), the Young’s
modulus E is deﬁned by:
E ¼ s=ε: (1)
Hence, the Young’s modulus of each specimen was determined by taking the
value of s/ε when ε ¼ 10%. The UTS and the elongation at the breaking values were
read directly at the breaking point of the tensile test. Resilience describes the
ability of a material to deform reversibly without a loss of energy [22] and was
calculated from the stress-strain data of the cyclic tests. The resilience of a material
is expressed as the following ratio, for a strain of 15%, as is shown in the following
equation [25]:
Resilience ¼ Area under unloading curve
Area under loading curve
: (2)
For biological tissues that exhibit a non-linear elasticity, the Young’s modulus is
replaced by the tangentmodulus (also called stiffness in the ﬁeld of medical science)
[26e28], deﬁned as the slope at any point of a stress-strain curve. If the relationship
is exponential, the stiffnessestress relationship is linear [26e28]. A typical stresse
strain curve of muscular tissue is J-shaped, and its tangent modulus E, is propor-
tional to the stress exerted on it, as in the following equation:
E ¼ ds
dε
¼ ksþ a; (3)
where the slope k is deﬁned as the stiffness constant [29,30], and a is a constant that
has a low value. The units of the Young’s modulus and the tangent modulus (or
stiffness) are the same as the units of stress, namely force per unit area [28]. In this
work, the stiffness constants of spun ﬁbrous sheets were determined from the
stressestrain curves of tensile specimens using equation 3.
2.6. Scanning electron microscopy
The surfaces of the ﬁbre meshes were sputter coated with platinum to a
thickness of 1 nm and characterised using a JEOL 7001F ﬁeld emission gun (FEG)
scanning electron microscope (SEM), which was operated in the second electron
imaging mode. To observe the core/shell structure, ﬁbre mashes were cut using an
Ultracut S Cryo-Microtome at 120 C. The cross-sections were also coated with
platinum to a thickness of 1 nm and then analysed by SEM.
2.7. Cytocompatibility assay
Cytocompatibility assays were performed according to the standard cytotox-
icity assessment set by the International Standardization Organization (ISO 10993).
Before culture, 48-well plates (Falcon, BD Bioscience, North Ryde, Australia) were
coated with a 0.1% w/v gelatine solution and washed using phosphate-buffered
saline (PBS) to remove any residual solvent. SNL Mouse ﬁbroblasts (STO-Neo-LIF,
University of California, Davis) were then seeded to each well containing 1 ml of
Dulbecco’s modiﬁed Eagle’s medium (DMEM) supplemented with 10% foetal
bovine serum (FBS), 1% Glutamax, and 0.5% penicillin/streptomycin, at a target
density of 5000 cells/well. The negative control for the test was 1 ml of the cell
culture media with no additives. The PLLA ﬁbre meshes were used as a material
control, and the cell culture medium containing inoculated cells without scaffolds
was used as a positive control. The plate was then cultured under standard incu-
bation conditions of 37 C and 5% CO2 in humid air, with medium changed every
second day. When cell monolayers had reached a conﬂuence of 80% on day 4,
electrospun PGS/PLLA core/shell ﬁbre mats and control PLLA ﬁbre mats (sterilised
by treatment with 70% ethanol in deionised water, and dried overnight in a cell
culture hood) were placed in contact with the cell monolayers covered with cell
culture medium in the 48-well plate. Cultures were then allowed to proceed for a
further 2 days [31].
At the end of the incubation period, the spent culture media samples were
collected and the degree of cytotoxicity was determined using a commercial assay
kit (TOX-7, SigmaeAldrich) [21,32] tomeasure the quantity of lactate dehydrogenase
(LDH) released into the culturemedia by dead or dying cells (‘RELEASED LDH’). Wells
with live cells were then ﬁlled with 0.5 ml of fresh cell culture medium containing
TOX-7 lysis buffer, and cellular LDH was then extracted from these lysates (‘TOTAL
LDH’). The overall LDH level per well was then determined by measuring the
absorbance of the supernatant from the centrifuged medium at 490 nm (after
subtracting the background absorbance at 690 nm) using a multiwell plate UV-vis
spectrophotometer (Thermo Scientiﬁc). The LDH absorbances were converted to a
cell count based on a linear standard curve. Therefore, the cytotoxicity can be
expressed as follows:
Percentage of dead cells ¼ RELEASED LDH
RELEASED LDHþ TOTAL LDH 100: (4)2.8. Cell proliferation
Cell proliferation was assessed using a commercial AlamarBlue assay kit (Life
Technologies). AlamarBlue is non-toxic to cells and does not interrupt cell culture
growth, which allows for a continuous measurement of the cell proliferation ki-
netics. Hence, the Alamarblue assay is appropriate for evaluating the long-term
cytotoxicity of biomaterials that undergo biodegradation under physiological con-
ditions [33]. For this assay, culture media wells were seeded with SNL ﬁbroblasts
(2000 cells per ml) into each well of a 48-well plate and cultured as above, in the
presence of sterilised PGS/PLLA ﬁbre meshes (test material) or sterilised PLLA ﬁbre
meshes (material control). Material-free media with cells (positive controls) and the
cell culture medium alone (negative control) were also included in independent
wells on the same plate.
After culture for 48 h, 0.1 ml of the AlamarBlue indicator was added to each
well (except for the background controls) and incubated under standard culture
conditions for a further 5 h. The medium was then transferred to a new plate, fol-
lowed by themeasurement of the UVevis absorbance of themedium at wavelengths
of 570 and 600 nm. This procedure was repeated every 48 h until conﬂuence was
reached, which was typically after 6 days. Cell proliferation was quantiﬁed by the
percentage reduction of AlamarBlue using the following equation [32]:
% Reduced ¼ εOXðl2ÞAðl1Þ  εOXðl1ÞAðl2Þ
εREDðl1ÞA0ðl2Þ  εREDðl2ÞA0ðl1Þ
 100; (5)
where A(l1) and A(l2) are the absorbance values of test wells measured at wave-
lengths l1 ¼ 570 nm and l2 ¼ 600 nm, respectively, and A0(l1) and A0(l2) are the
values of absorbance at the same wavelengths for negative control wells containing
only culture medium and AlamarBlue. All values were blanked based on the
readings of background controls. The other parameters are as follows:
3Ox(l1) ¼ 80.586, 3Ox(l2) ¼ 117.216, 3RED(l1) ¼ 155.677 and 3RED(l2) ¼ 14.652.
To detect proliferation in mouse ENC growing on ﬁbrous mesh, 5 mM EDU
(Invitrogen) was added for 60 min and washed twice in PBS. The cells were then
ﬁxed in 4% PFA for 10 min. EDU was visualised using the Click-iT EdU Imaging Kit
(Invitrogen) according to the manufacturer’s instructions. In this case the azide
group in the detection reaction which covalently binds the alkyne group of the
incorporated EdU was coupled to Alex Fluor 647.
2.9. Isolation and culture of ENC cells on PGS/PLLA ﬁbrous mesh
To obtain ENC cells for growth on the PGS/PLLA ﬁbrous mesh, intestinal tissue
was collected from embryonic day 14.5 EDNRB-Kikume mice (carrying a Kikume
reporter under the control of the EDNRB locus, a kind gift from Hideki Enomoto,
Japan) [34]. The intestinal tissue was digested for 35 min at 37 C in F12 media
(Gibco-Invitrogen, USA) supplemented with 0.5% w/v Dispase II (Roche, USA) and
0.1% w/v CLSAFA Collagenase (Worthington, USA). 1 mM EDTA was added for a
further 10 min to disrupt cadherin-based cell adhesions. The digested tissue was
then mechanically triturated and the cell suspension washed in F12 media sup-
plemented with 5% FCS and ﬁltered through a 40 mm cell-strainer (BD Falcon, USA).
10 mg/ml propidium iodide (Sigma, USA)was added and Kikume expressing live cells
were sorted using a MoFlo cell sorter (MoFlo, USA). These cells were plated onto the
PGS/PLLA ﬁbrous mesh at an approximate density of 3500 cells/mm2 and grown in a
1:1 mixture of DMEM (Thermo-Fisher, USA) and F12 (Gibco-Invitrogen, USA) with
L-glutamine, B27 and N2 (Gibco-Invitrogen, USA), and 20 ng/ml of hFGF and hEGF
(R&D systems, USA) and penicillin and streptomycin (SigmaeAldrich, USA).
2.10. Ex vivo trial and in vivo trial
For both transplant studies a PGS/PLLA ﬁbrous sheet was ﬁrst seeded with
EDNRB-Kikumemouse ENC cells and cultured in vitro until application to the gut. For
the ex vivo trial intestinal tissue was obtained from embryonic day 3.5 Coturnix
japonica quail embryos (Lago Game and Gourmet Food, Melbourne, Australia) by
dissecting the hindgut (comprising the intestinal tissue caudal to the ceacum) and
attaching it to the cell-seeded sheet. These ex vivo explants were maintained in
culture for 3 days after which time they were assessed by ﬂuorescence microscopy
(Olympus IX70, Japan) for migration into the gut of ENC cells expressing the Kikume
protein. For the in vivo trial a 3 mm2 piece of cell-seeded ﬁbrous sheet was trans-
planted to the colon of C57Bl6 mice. Here, a small incision was made in the external
muscle layer of the gut wall and the polymer transplanted into the resulting pocket.
The mouse was culled after 3 weeks and gut tissue removed and ﬁxed in 4% para-
formaldehyde (SigmaeAldrich, USA). The mucosa was removed and tissue speci-
menswere inﬁltratedwith 30% sucrose in PBS overnight at 4 C and placed in Tissue-
tek (Miles, Elkhart, Ind. USA). Blocks were sectioned (20 mm thickness) on a Leica
CM1900 Cryostat (Leica Biosystems, Germany). Sections were attached to glass
slides coated with 1 mg/ml poly-L-lysine (SigmaeAldrich, USA).
The avian study was approved by the Royal Children’s Hospital Animal Ethics
Committee (ID: A596 and A650). The mouse study was approved by the Anatomy,
Neuroscience, Pathology, Pharmacology, and Physiology Animal Ethics Committee of
the University of Melbourne (ID: 1212529).
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Cells grown on the PGS/PLLA ﬁbrous sheet were ﬁxed in 4% PFA for 5 min and
permeabilised/blocked in 0.1% Triton X/1% horse serum in PBS. Tissue sections were
blocked in 1% horse serum in PBS. Primary antibodies used were raised against p75
(rabbit antibody, Promega, USA), SOX10 (goat antibody, R&D systems, USA), TUJ1
(mouse antibody, Covance, USA) and smooth muscle actin-SMA (mouse antibody,
Sigma, USA). Secondary antibodies used were anti-rabbit Alexa647 (Dako,
Denmark), anti-human conjugated to Texas Red (Jackson ImmunoResearch Labo-
ratories, USA), anti-goat Alexa488 or anti-goat Alexa594 and anti-mouse Alexa594
(Molecular Probes e Life Technologies, USA). In most cases cell nuclei were counter-
stained with 5 mg/ml Hoescht 33342 (Invitrogen, USA). The staining was visualised
using a Leica SP2 confocal microscope (Leica, Germany) and images assembled using
LAS AF Lite software (Leica, Germany).
2.12. Statistical analysis
All experiments were performed with ﬁve samples per experimental group, and
the statistical outputs are shown in the form of a mean with standard error (SE). A
one-way analysis of variance (ANOVA) with Turkey’s post-hoc test was performed to
analyse the signiﬁcant differences, and signiﬁcance levels were set at a p-value of
less than 0.05.3. Results and discussion
3.1. Miscibility of the PLLA and the PGS solutions
Phase separation was observed in mixtures containing 5 wt% or
more PLLA after adding the PLLA solution into the PGS solution.
Hence, the miscibility of PLLA with PGS is less than 5 wt%. The low
level of miscibility between PLLA and PGS indicated that the PLLA
and PGS solutions would largely remain in their separate phases
during core/shell spinning. A low miscibility is essential in the
production of core/shell ﬁbres, as well as ensuring that the elas-
tomeric mechanical properties of the core material will not be
signiﬁcantly compromised. However, it is still possible that theFig. 2. Young’s modulus (a), UTS (b), elongation at break (c) and resilience (d) of PGS/PLLA ble
between any two of the four materials was insigniﬁcant (p > 0.05).PLLA shell material will dissolve into the PGS core material at a
minute concentration. This small amount of PLLA may exist as
separate polymer chains in PGS in a blend without any occurrence
of a chemical reaction. The PLLAmay also react with the PGS during
crosslinking at an elevated temperature to form a PGS-co-LA
polymer. Therefore, it is necessary to investigate the effect of the
presence of PLLA on the mechanical properties of PGS/PLLA blends
and PGS-co-LA copolymers.
3.2. Mechanical properties of PGS-PLLA blends
The blended polymers were prepared by adding PLLA to a PGS
pre-polymer followed by heat treatment to crosslink the pre-
polymer chains (Fig. 2). A small fraction of PLLA could chemically
react with the PGS pre-polymer during the heat treatment,
resulting in the formation of a copolymer component in this
polymer mixture where blending is predominant. Nonetheless, the
term ‘PGS/PLLA blend’ is used throughout this article, and readers
should bear in mind that the “PGS/PLLA blend” could contain PGS-
co-PLLA polymer chains.
With an increase in the nominal weight percent of PLLA, the
Young’s modulus, ultimate tensile strength (UTS), elongation at
break and resilience do not change signiﬁcantly (Fig. 2). It must be
clariﬁed that sheet samples were produced by casting a clear so-
lution of PGS and PLLA in THF/chloroform/DMF, which was satu-
rated but without phase separation while the components that
underwent phase separation were not incorporated into the sheet
samples. Hence, the sheet samples in this study contained a PGS-
matrix saturated with less than 5 wt% of PLLA, which explains
the little change in the mechanical properties with an increase in
the nominal weight percentage of PLLA. The addition of PLLA up to
a saturation level neither hardened the PGS matrix (Fig. 2a and b),
nor compromised its elasticity (Fig. 2c and d) although the Young’snds heat treated for PGS crosslinking in vacuum at 130 C for three days. The difference
Fig. 3. The Young’s modulus (a), UTS (b), elongation at break point (c) and the resilience (d) of the PGS-co-LLA polymer synthesised with a 1:1 or 2:3 G:S molar ratio in a vacuum at
130 C for three days. The difference between any two of 1:1:x polymers or any two of 2:3:x polymers was insigniﬁcant (p > 0.05). The difference between 1:1:x and 2:3:x groups
was insigniﬁcant in terms of UTS and resilience (p > 0.05), but was signiﬁcant in Young’s modulus (p < 0.01) and elongation at break (p < 0.01).
Fig. 4. SEM images of PGS/PLLA core/shell ﬁbres fabricated at different core to shell feed ﬂow rates: 0.1e2 ml/h at 10 kV (a), 0.2e0.8 ml/h at 12 kV (b), 0.3e0.9 ml/h at 12 kV (c) and
0.5e1 ml/h at 13 kV (d). The material was heat treated for crosslinking at 130 C for three days. The optimal conditions are (b) and (c).
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that the elongations at the break point of the PGS/PLLA blends were
collectively and on average higher than pure PGS, although the
increments were not statistically signiﬁcant. A possible mechanism
responsible for this increment is that the PLLA chains in the poly-
mer mixture become physical barriers between PGS polymer
chains and thus reduce the crosslinking frequency between
them [17].Fig. 5. Cross-sectional SEM imaging of a PGS/PLLA core/shell ﬁbrous sheet. The ﬁbres
were spun at a core feed ﬂow rate of 0.2 ml/h and a shell feed ﬂow rate of 0.8 ml/h at
12 kV. The material was crosslinked at 130 C for three days. The specimen was micro-
sectioned in liquid nitrogen.3.3. Mechanical properties of PGS-co-LA polymers
Themechanical properties of the PGS-co-LA polymerswith a 1:1
or 2:3 molar ratio of PGS to LA are shown in Fig. 3. The Young’s
moduli (Fig. 3a) and UTS values (Fig. 3b) of the 1:1 PGS-co-LA
polymer are similar to those of the pure PGS counterpart, and no
signiﬁcant differences were detected between any pair of the four
polymer groups against each other. Two counteractingmechanisms
could be responsible for the lack of signiﬁcant changes in Fig. 3a
and b. On the one hand, lactic acid contains both hydroxyl and
carboxyl groups and can react with both glycerol and sebacic acid.
In the copolymer system, lactic acid monomers took part in the
polymerisation of the main chains, which signiﬁcantly reduced the
polymerisation kinetics in comparison with the PGS counterpart.
This observation was in agreement with our previous report [17],
and it has also been documented that the polycondensation reac-
tion of lactic acid is much slower than that of glycerol and sebacate,
requiring a higher reaction temperature and the effects of catalyst
mediation to occur [35,36]. When a lactic acid monomer has been
added to the end of a polymer chain, there is an increased lag in
extending the chain. The addition of lactic acid monomers in the
polymer chains also increases the physical distance between the
crosslink points in the network. As a result, the network of a PGS-
co-LA copolymer would contain shorter polymer chains and a
lower density of crosslinks in comparison with a pure PGS polymer
that is treated at the same condition. Hence, the incorporation of
lactic acid into the PGS network has a tendency to soften the
polymer product because it reduces the rate of esteriﬁcation taking
place. On the other hand, the side eCH3 chains on lactic acid
molecules could stiffen the polymer network, which is manifested
by the Young’s modulus of PLLA (several GPa) [37,38] being
signiﬁcantly greater than that of PGS (0.05e1.5 MPa) [6]. In this
way, these two counteracting mechanisms could result in relatively
insigniﬁcant changes to the Young’s modulus and to the UTS in the
PGS-co-LA polymers, compared to pure PGS or PLLA.
The results of Fig. 3a and b are also partially in agreement with
the work of Sun and co-workers on poly(glycerolesebacateelactic
acid) [36], where the copolymers were synthesised at 140 C for
30 h and the elastic moduli of the copolymers weremeasured using
nanoindentation. Their study showed no signiﬁcant increments in
the elastic moduli of the copolymers synthesised at a G:S:L molar
ratio of 1:1:(0e0.5), as carried out in the present work. However,
the elastic modulus of the copolymer increased abruptly at a molar
ratio of 1:1:1 [36], which was inconsistent with the present result
for the same ratio (Fig. 3a). This discrepancy is likely caused by the
different synthesis conditions used in forming the copolymer, or
in the different elasticity measurement used (compressive vs ten-
sile strength). Further work would be needed for an in-depthTable 1
Optimal core/shell electrospinning conditions.
Diameters of
core/shell
PGS-THF
solution
Chloroform: DMF
solvent
PLLA-(CF:DMF)
solution
1.2/1.7 mm 50% (v/v) 3:1 or 4:1 20% (w/v)understanding of the effects of treatment temperature on the
crosslinking kinetics and surface structure of the PGS-co-LA system.
The elongation at the breaking point (Fig. 3c) and the resilience
(Fig. 3d) of the PGS-co-LA polymers were observed to be as good as
the pure PGS polymer, also with no statistical differences between
any pair of the four PGS-based polymers containing a 1:1 or 2:3 G:S
molar ratio. This result indicates that even if PGS-co-LA had formed
copolymers along the interface of a core and shell ﬁbre, the elastic
properties of the core PGS ﬁbres would not be compromised, and
PGS-co-LA copolymers could be spun as the core of a ﬁbrous ma-
terial as well.
A comparison of PGS at a 1:1 and 2:3 molar ratio shows that the
PGS-based polymers containing a 1:1 G:S molar ratio collectively
possessed approximately one third the Young’s moduli (approxi-
mately 1 MPa) with almost double the elongation at rupture (80e
120%) than the PGS-basedmaterials containing 2:3 G:Smolar ratios
(1.5 MPa and 50e70%, respectively). There are three hydroxyl
groups in a glycerol monomer and two carboxyl groups in a sebacic
acid monomer. The reaction kinetics of the primary eOH groups,
which is found at both terminals of the glycerol molecule, is faster
than that of the secondary eOH groups found in the middle of the
glycerol molecule at a temperature of 100e150 C, such that the
polymerisation is dominated by the formation of PGS polymer
chains. The crosslinking process, which involves the secondary e
OH groups, becomes the dominant kinetic process only when of the
presence of free primary eOH groups in the reactant system has
been exhausted. At a 1:1 G:S molar ratio, esteriﬁcation is domi-
nated by the reaction of the primary hydroxyl groups with sebacic
acid, leaving only a small fraction of sebacic acid monomers
crosslinked with two secondary eOH groups, thus forming a PGS
network with a lower crosslinking density. At a 2:3 G:S molar ratio,
which is the theoretical stoichiometric molar ratio required for aFeed ﬂow rates of PGS (core): PLLA
(shell) (ml/h)
Voltage potential Collection
distance (cm)
0.3: 0.9 (1:3) or 0.2: 0.8 (1:4) 12 kV 20
Fig. 8. A stiffnessestress relationship of the PGS/PLA ﬁbrous mesh material spun at a
core feed ﬂow rate of 0.3 ml/h and a shell feed ﬂow rate of 0.9 ml/h at 12 kV. The
stiffness constant of this stiffnessestress relationship is 14, which is comparable with
the stiffness constant of muscle tissue [20e22].
Fig. 6. SEM image of the porous microstructure within the PLLA shell. The ﬁbres were
spun at a core feed ﬂow rate of 0.2 ml/h and a shell feed ﬂow rate of 0.8 ml/h at 12 kV.
The material was crosslinked at 130 C for three days. The specimen was micro-
sectioned in liquid nitrogen.
B. Xu et al. / Biomaterials 34 (2013) 6306e63176312complete reaction between the hydroxyl and the carboxyl groups,
30% of the sebacic acid monomers will participate in crosslinking,
resulting in a highly crosslinked network. However, the high
crosslinking density will reduce the stretchability of the crosslinked
network to less than 50% compared with the 1:1 PGS counterparts
(Fig. 3c). These basic chemical properties explain the observed
material differences, and suggests that the PGS formed by a 1:1 G:S
molar ratio is a better choice of material to be used in this work.
3.4. Optimisation of the core/shell electrospinning conditions
The parameters that affect electrospinning and the resultant
PLLA polymer ﬁbres that are spun are readily available in the
literature [39e41], including PLLA solution parameters (such as the
molecular weight and the surface tension) and the processing
conditions, including a high tension, operating temperature and
feed ﬂow rates. The most important factor that affected the core/
shell spinning process in the present study was the ratio of the feed
ﬂow rate of the core solution to that of the shell solution. Polymer
globules were formed in the ﬁbre meshes (Fig. 4a) when the feed
ﬂow rate of the PGS core solution was 20 times lower than that of
the shell solution. The globules formed in the present core/shellFig. 7. (a) Stressestrain curves of the PGS (core)/PLLA (shell) ﬁbre sheets fabricated at three
to 0.9 ml/h, while other experimental parameters remained unchanged. (b) A 50-cyclic str
0.3 ml/h and a shell feed ﬂow rate of 0.9 ml/h at 12 kV.spun meshes as shown in Fig. 4a were approximately 10 mm in
diameter and were larger and more spherical than the 1 mm glob-
ules produced by the electrospinning of ﬁbrous PLLA sheets [42].
The formation of small beads along the electrospun PLLA ﬁbres has
been attributed to the entanglement of the polymer chains [42].
Varying the concentrations of the core and the shell solutions failed
to prevent the formation of the globules. A possible reason for the
formation of these large beads is that the low feed ﬂow rate of the
core solution could notmaintain a continuous ﬂow in the core tube,
therefore causing an accumulation of the core solution around the
inner needle tip, which then ﬂowed into the shell solution after the
accumulation had reached a certain level. This hypothesis was
supported by the observation that an increased feed ﬂow rate
eliminated the formation of beads.
An increase in the feed ﬂow rate of the core PGS solution
effectively eliminated the formation of the large beads and pro-
duced ﬁbres with uniform diameter (Fig. 4b, c). The morphology in
Fig. 4b resulted from slower core vs shell solution feed rates (0.2ml/
h vs 0.8 ml/h), similar to Fig. 4c (0.3 vs 0.9 ml/h). However, when
these were increased (0.5 vs 1 ml/h), the ﬁbres became fused
(Fig. 4d). It was apparent that the amount of shell material being fed
into the spinneret was insufﬁcient to fully cover the core, leading to
the leakage of the PGS pre-polymer, which resulted in a fusion of
the ﬁbres when they were heat-treated for crosslinking. A sum-
mary of the optimal fabrication conditions for the core/shell elec-
trospinning of PGS and PLLA is listed in Table 1.core to shell feed ﬂow conditions: 0.2 ml/h to 1 ml/h, 0.2 ml/h to 0.8 ml/h and 0.3 ml/h
essestrain curve of a PGS/PLA core/shell ﬁbrous mesh spun at a core feed ﬂow rate of
B. Xu et al. / Biomaterials 34 (2013) 6306e6317 6313For the examination of the core/shell structure, a ﬁbre meshwas
sectioned in liquid nitrogen using the cryogenic microtome
sectioning technique, and the cross section was examined by SEM.
Fig. 5 shows an example of the PGS/PLLA core/shell ﬁbrous sheets
produced at one of the optimal conditions (i.e. the feed ﬂow rate
ratio of 1:4). Fig. 6 shows that a nano-porous structure wasFig. 9. SNL cells cultured for ﬁve days in a material-free culture medium (negative
control) (a), PGS/PLLA ﬁbre mesh soaked with culture medium, produced from spin-
ning at a core feed ﬂow rate of 0.3 ml/h and a shell feed ﬂow rate of 0.9 ml/h at 12 kV
followed by PGS crosslinking at 130 C for three days (b), and PLLA ﬁbre mesh soaked
with culture medium and used as a positive control (c).observed in the PLLA shell throughout the ﬁbrous sample, which is
in agreement with previous studies [39e41]. The formation of
porosity was the result of the evaporation of THF from the spun
PLLA/THF solution. An added beneﬁt of this nano-porous structure
is that it softens the rigid PLLA shell and thus enhances the elastic
match between the core PGS and shell PLLA under mechanical
loading.
Although the ﬁnal shell product was essentially a protective
coating, and ultimately removed in the study by Yi and LaVan [10],
we believe that maintenance of the PLLA shell can address the
drawbacks of PGS degradation. First, the slowly degrading PLLA
shell can stabilise the degradation rate of the ﬁnal product,
particularly the faster degrading PGS. The composite material could
therefore be applied to the engineering of many types of soft tis-
sues, which require long recovery periods of several months or
years, and variable degradation kinetics. Second, the non-toxicity of
PLLA can improve the cell-delivery ability of the ﬁbrous sheets, in
comparison with the pure PGS ﬁbres alone. Hence, the PLLA shell
was retained in the ﬁnal products, and the characterisation and bio-
assessment were conducted on the PGS/PLLA core/shell ﬁbrous
materials as a composite scaffold.3.5. Mechanical properties of core/shell spun mesh materials
The stressestrain curves of the PGS/PLLA core/shell ﬁbrous
sheet materials are J-shaped, as shown in Fig. 7a, conﬁrming a non-
linear proﬁle similar to biological tissue elasticity. Cyclic testing of
the materials demonstrated that the ﬁbrous mesh material had
stable stress-strain curves (Fig. 7b). A representative linear rela-
tionship of stiffness vs stress is shown in Fig. 8, in which the stiff-
ness constant is 14.
Fig. 7a also indicates that when other experimental parameters
remain unchanged, an increased core feed ﬂow rate can result in a
more compliant and stretchable mesh having a larger rupture
elongation. It is apparent that the production of a ﬂexible mesh is
dependent on a higher core feed ﬂow rate increasing the weight
percentage of PGS in the core/shell ﬁbrous product. The average
value of the nominal UTS, the elongation at the breaking point andFig. 10. SNL cell proliferation kinetics measured by the AlamarBlue technique. The
initial plating density was 5000 cells per well in a 48-well plate (n ¼ 5). Overall, there
were no signiﬁcant differences between any two of the three groups (p > 0.05). The
PGS/PLLA ﬁbre mesh was spun at a core feed ﬂow rate of 0.3 ml/h and a shell feed ﬂow
rate of 0.9 ml/h at 12 kV followed by PGS crosslinking at 130 C for three days.
Fig. 11. Cytotoxicity of PGS/PLLA core/shell spun materials, detected by measuring the
release of lactate dehydrogenase (LDH) from the cells after 4 days of cultivation (n ¼ 5).
No signiﬁcant differences existed between any two of the three groups (p > 0.05). The
PGS/PLLA ﬁbre mesh was spun at a core feed ﬂow rate of 0.3 ml/h and a shell feed ﬂow
rate of 0.9 ml/h at 12 kV followed by PGS crosslinking at 130 C for three days.
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feed ﬂow rate of 0.3 ml/h and a shell feed ﬂow rate of 0.9 ml/h were
determined to be 1  0.2 MPa, 25  3% and 12  2, respectively;
these ﬁndings are comparable to the values exhibited by muscular
tissues [26e28]. Overall, the PGS/PLLA ﬁbrous sheets produced at a
core/shell feed ﬂow rate ratio of 1:3 exhibited the mechanicalFig. 12. An ex vivo cell transplant trial using the PGS/PLLA ﬁbrous mesh. (a) EDNRB-Kikume m
antigens SOX10 (glial and progenitor cell marker) and TUJ1 (neuron and neurite marker). (
uptake exclusively in Sox10 expressing cells. (c) Assembly of the ex-vivo trial: ENS-deﬁcien
PGS/PLLA ﬁbre mesh (the background of the image) seeded with EDNRB-Kikume mouse E
ex-vivo growth, the mouse ENC cells have migrated through the serosa (dotted line) and h
(as shown in the enlarged image).properties most comparable with those of soft biological tissues. The
resilience of these materials was determined to be 70%, which sug-
gests that they may be similar to elastomeric proteins. Elastomeric
proteins have resilience ranges from 50% for partially hydrated
elastin to 90% for fully hydrated collagen and elastin [43].
It should be mentioned that the synthesised specimens were
porous, and their mechanical properties are also closely inﬂuenced
by their porosity. The porosity of the present ﬁbrous meshes varied
from 73 to 76%, based on themeasurement of weight and volume of
the spun sheets. In addition, the extent of adhesion of the ﬁbres to
each other has not been determined yet, but it is expected that the
adhesion between ﬁbres will signiﬁcantly affect the stressestrain
behaviour of the ﬁbrous materials.
3.6. In vitro evaluation: cellular viability and proliferation
A visual examination did not detect considerable cytotoxicity in
all tested groups, as shown in Fig. 9. SNL cells attached to the
bottomwell and proliferated in thematerial-free culture media and
media soaked with PGS/PLLA and the PLLA ﬁbrous materials. After
two days, the number of cells in each well was observed to have
increased from 2000 to over 10,000 and almost covered the sur-
faces of each well, as shown in Fig. 9. Quantitative measurements
using the AlamarBlue reagent demonstrated that SNL cells
proliferated exponentially on the PGS/PLLA ﬁbres soaked in the
culture medium as well as in the two control groups, as shown
in Fig. 10. Quantitative LDH measurements shown in Fig. 11ouse ENC cells cultured on PGS/PLLA ﬁbrous mesh maintain expression of ENC-lineage
b) On the mesh EDNRB-Kikume mouse ENC are able to proliferate as assessed by EDU
t quail hindgut (outlined by the black dotted line) is attached to (i.e. on the top of) the
NC cells (light grey background). (d) Following removal of the hindgut after 3 days of
ave formed a de novo chain-like network in the interior of the embryonic colonic wall
B. Xu et al. / Biomaterials 34 (2013) 6306e6317 6315demonstrate that the cytocompatibility of the PGS/PLA ﬁbrous
materials was as good as the two control groups, with no signiﬁcant
differences in cell death between cultures containing the PGS/PLA
ﬁbrous meshes and material-free control cultures.
3.7. Cell delivery capabilities ex vivo
Underdeﬁnedmediaconditionswehaveshownthat thePGS/PLLA
ﬁbrous mesh is compatible with the growth of mouse ENC cells
expressing the ENC lineage marker SOX10 (a marker of ENC glia and
progenitor cells) and TUJ1 (which marks neuronal-subtypes)
(Fig. 12a). Attachment of the ENC cells to the mesh occurred over-
night and themaintenanceof theseENCcell typesdidnot requirepre-
conditioning of the ﬁbrous mesh or addition of ECMmolecules. After
oneweekof invitro culture ENCprogenitor cells couldbe identiﬁedon
the ﬁbrous mesh by concomitant uptake of EDU and SOX10 expres-
sion (Fig. 12b). An interesting observationwas that mouse single-cell
seeded ENC cells grown on the PGS/PLLA ﬁbrous mesh formed
discrete cell clusters resembling ganglia (the functional unit of the
ENS) (Figs. 12a and 13a). It is likely that the mesh is compatible with
the self-organising potential of ENS ganglion cells [44].
We then tested the ability of the PGS/PLA ﬁbrousmesh to deliver
ENC progenitor cells into a recipient avian embryonic gut e during
a deﬁned period the recipient gut contains no endogenous ENS and
is therefore considered an aganglionic ex vivo model that re-
capitulates the key features of Hirschsprung disease. In this case
when the membrane is applied to the serosal surface of theFig. 13. An in vivo cell transplant trial using PGS/PLLA ﬁbrous mesh. (a) EDNRB-Kikume s
transplanted mesh/cells to post natal colon. (b) A small piece of EDNRB-Kikume seeded ﬁbr
creation of a small pocket, proximal (P) and distal (D) orientation being indicated. (c) Afte
tissue. (d) ENC cells in a ganglion-like structure stain positive for both p75 and Kikume in the
circular muscle (CM) is indicated.recipient gut (Fig. 12c), the mouse ENC cells depart from the ﬁbrous
mesh and re-locate to the interior of colonic wall; a layer where the
ENS would be expected to reside (Fig. 12d). Once inside the gut
environment the ENC cells formed a chain-like network which is
the characteristic behaviour of de novo innervation of aganglionic
gut by ENC progenitor cells [45]. A chain-like network was never
observed in ENC cells cultured alone on the ﬁbrous mesh. To our
knowledge this is the ﬁrst demonstration of ENC cell delivery via
the serosal surface of the gut wall by direct application of a non-
toxic mesh. However, under the conditions used here, the embry-
onic ENS-deﬁcient hindgut would be unlikely to undergo any sig-
niﬁcant peristaltic contractile forces. Therefore, an in vivo was
designed to test the ability of the ﬁbrous mesh to remain in contact
and deliver ENC cells to a post-natal peristaltic intestine.
3.8. Cell delivery capabilities in vivo
The ﬁbrous mesh to the mouse colon in vivo by creating a small
pocket in the externalmuscle layer of the colon (Fig.13a, b). The tissue
was retrieved at 3 weeks post-surgery, at which time there was
localised thickening in the colon wall where the graft was attached,
howeverundermicroscopicexaminationnograftmaterialwas found,
reasonably consistent with the degradation rate of the ﬁbrous mesh.
Importantly, however, EDNRB-Kikume ENC cells were deposited into
the muscle layer of the mouse large intestine in a similar chain-like
network as observed in the avian hindgut (Fig. 13c). A proportion of
the kikume-positive graft derived cells had formed ganglia-likeeeded ﬁbrous mesh grown in deﬁned media. Dotted outline indicates relative size of
ous mesh was placed in mouse colon (the area is outlined by the black dotted line) by
r 3 weeks the Kikume ENC cells had formed a chain-like network in mouse intestinal
musculature (SMA) of the recipient intestinal tissue, whereby longitudinal muscle (LM)
B. Xu et al. / Biomaterials 34 (2013) 6306e63176316structures within the muscle of the recipient intestine and stained
positive for p75 (a marker of NC cells) (Fig. 13d). These results are
consistent with the suitability of PGA/PLLA ﬁbrous mesh as a vehicle
for in vivo cell delivery. Further in vivo work will be focused on the
functions of transferred ENC cells, in particular their ability to coor-
dinate muscular control in the aganglionic intestine and as result its
therapeutic potential to treat ENS-deﬁcient Hirschsprung patients.
Toward the latter goalwe have found that the PGS/PLLA ﬁbrousmesh
support the growth of primary human ENC cells whenmaintained in
deﬁnedmedia conditions. This strongly supports the suitability of the
material for future clinical applications.4. Conclusions
Nonlinearly elastic biomaterials have been successfully fabri-
cated from a chemically crosslinked PGS elastomer and a thermo-
plastic PLLA using the core/shell electrospinning technique. The
optimal fabrication conditions have been established for electro-
spinning, including the critical parameter for spinning, which is the
ratio of the feed ﬂow rate of the core solution to the shell solution.
This ratio ranges from 1:3 to 1:4. Under optimal conditions, the
electrospun PGS/PLLA core/shell ﬁbrous materials demonstrate soft
tissue-like mechanical properties with J-shaped, elastic stress-
strain curves. At the present conditions, their UTS, rupture elon-
gation and stiffness constant of the PGS/PLLA ﬁbrous meshes are
1  0.2 MPa, 25  3% and 12  2, respectively. The above ﬁndings
are comparable to those of muscular tissues. In vitro evaluations
have demonstrated that the PGS/PLLA core/shell ﬁbres are non-
toxic to cells. We have shown that the PGS/PLLA core/shell
ﬁbrous mesh can be used to deliver ENC cells into a recipient gut
environment. Finally, it should be emphasised that the large
number of variables in the core/shell electrospinning process pro-
vides a wide range of possible mechanical properties and degra-
dation kinetics, which could broadly be applied to the engineering
of many soft tissues, such as tendon, ligament, cardiac muscle and
lung epithelium. Further work will be focused on the expansion of
the mechanical and degradation proﬁles of this material system, as
well as more in vivo clinical applications.Acknowledgements
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